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Abstract  
Two unique test systems were designed and built to allow the effects of varied gravity (high, normal, 
reduced) during synthesis of titanium sol-gels to be studied. A centrifuge capable of providing high 
gravity environments of up to 70 g’s for extended periods whilst applying a 100 mbar vacuum and a 
temperature of 40-50 
o
C to the reaction chambers was developed. The second system was used in the 
QUT Microgravity Drop Tower Facility also provided the same thermal and vacuum conditions used in 
the centrifuge, but was required to operate autonomously during free fall.  
 
Through the use of post synthesis instrumental characterization, it was found that increased gravity levels 
during synthesis, had the greatest effect on the final products. Samples produced in reduced and normal 
gravity appeared to form amorphous gels containing very small particles with moderate surface areas. 
Whereas crystalline anatase (TiO2), was found to form in samples synthesized above 5 g with significant 
increases in crystallinity, particle size and surface area observed when samples were produced at gravity 
levels up to 70 g. 
 It is proposed that for samples produced in higher gravity, an increased concentration gradient of water is 
forms at the bottom of the reacting film due to forced convection. The particles formed in higher gravity 
diffuse downward towards this excess of water, which favors the condensation reaction of remaining sol 
gel precursors with the particles promoting increased particle growth. Due to the removal of downward 
convection in reduced gravity, particle growth due to condensation reaction processes are physically 
hindered hydrolysis reactions favored instead. Another significant finding from this work was that anatase 
could be produced at relatively low temperatures of 40-50 
o
C instead of the conventional method of 
calcination above 450 
o
C solely through sol-gel synthesis at higher gravity levels. 
 
Keywords   Titanium, sol-gels, BET, XRD, Raman, synthesis, characterization, gravity effects, reduced 
gravity, nanomaterials, high gravity 
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1. Introduction 
There is a distinct need to find new ways of making novel materials for use in catalytic applications with 
a particular focus on sustainability, reducing production cost environmental impact. The development of 
photo-catalysts for diverse uses such as water purification and energy production in solar cells often 
involves complex synthesis techniques and the use of less-than environmentally friendly chemicals and 
synthesis conditions.  
 
A new and promising way of synthesizing metal oxide materials such as silicon dioxide that has been 
identified is the sol-gel process. Sol-gel derived silicon dioxide materials synthesized under varied gravity 
conditions has also yielded new materials with significant increases in surface areas and molecular 
complexities [1, 2]. Research into the effects of varied gravity, such as the removal of convective fields 
that are present during synthesis, on the sol-gel process is currently limited to only the silicon sol-gel 
system [1-5].  
 
The research findings for the silicon sol-gel clearly showed that gravity influenced the formation of the 
final product’s characteristics. Gravity was found to have an important influence on the occurrence of 
intra- and intermolecular condensation reactions [1-5]. Under reduced gravity buoyancy driven free 
convection is limited and silica polymerisation occured in a diffusion limited regime. Intramolecular 
condensations and densifications were shown to prevail under these condition leading to the formation of 
extended coils of cages through cyclisation reactions in the sol particles. In terrestrial and high gravity 
conditions, bimolecular reactions competed more favourably with internal condensations leading to the 
formation of open structures composed of chains and rings. These flexible species were hypothesized to 
delay the onset of gelation, leading to an increase in gelation time as gravity level was increased. During 
the subsequent drying procedure, pore collapse was shown to change the structure from meso- to 
microporous. The porosity of the finally obtained xerogels was thought to be more defined by the drying 
conditions of the gel, irrespective of the silicate.  Due to the nature of the Titanium sol gel precursor 
favoring condensation reactions rather than hydrolysis favored reactions with the silicon precursor, it is 
expected that this will have a different effect on the final product morphology.   Therefore, there is a need 
to investigate other chemical systems such as titanium with the goal of improving the development of 
wide band gap photo-catalysts. Currently one of the best commercially available titanium dioxide photo-
catalysts, typically produced at high-temperatures (~450 
o
C), is Degussa® P25, a mixture of 75% anatase 
and 25% rutile. Anatase and rutile are both common phases of titanium dioxide [6]. 
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2. Experimental 
 
2.1.  Materials 
A number of chemicals were used in the preparation of the precursor for subsequent use in the sol-gel 
process. These chemicals included: Ti(IV) iso-propoxide (TPT), acetylacetone (acac), methanol, acetic 
acid, deionized water (18.2 Mohm).  All chemicals except water were purified by distillation under 
reduced pressure and an inert argon atmosphere using a Schlenk line apparatus 
 
2.2. Preparation of titanium sol-gel precursor 
 
There were a number of requirements imposed by the synthesis conditions to be used.  Because access to 
the solution after an experiment was initiated was not possible, , all of the reagents to be used in the sol-
gel synthesis were required to be in a single solution stabilized precursor.  A single solution precursor was 
also necessary since the effects of gravity were being investigated and, in reduced gravity, mixing 
gradients caused from multiple solutions might overshadow subtle convective effects, which were being 
investigated.  In addition, the varied gravity test systems were designed to facilitate the boiling off of 
excess solvents by application of a vacuum and heating as means of progressing the hydrolysis and 
condensation reactions remotely and rapidly.   
 
The titanium precursor solution was prepared by adding 1.05ml of acetylacetone, 6.35ml of glacial acetic 
acid to 60.00 ml of TPT in 140.00 ml of methanol.  The actual precursor reaction solution was prepared 
by pipetting 2.50 ml of this mixture into 10.00 ml of methanol, which contained 0.90 ml of de-ionized 
water.          
 
 
2.3. Experimental test systems and sol-gel synthesis in varied gravity 
 
Two unique experimental test systems were designed and built for this study.  The first system was a 
vacuum centrifuge capable of achieving high gravity levels of up to 70 g’s for an extended period, whilst 
applying a vacuum to a heated reaction chamber containing several milliliters of the sol-gel precursor 
solution. This system was then fully able to initiate, control and sustain the sol-gel reaction to form a 
product under a preset high gravity condition (up to 70 g’s).   
 
The second test system developed used the same reaction chambers designed for the vacuum centrifuge, 
however, this system was designed for use in a drop tower to achieve reduced gravity for periods of up to 
5 
 
two seconds while the entire system is in free-fall.  The test system was fully automated and once a drop 
test was initiated, the onboard computer control system controlled vacuum solenoid valves on a central 
manifold to precisely control the pressure conditions during a test and log various test parameters 
including, vacuum pressure, reaction chamber temperatures and 2-axis acceleration. Operation of the drop 
tower is covered in depth in [7].  
 
 
Figure 1a. High gravity vacuum centrifuge used for high gravity sol-gel synthesis. 
 
 
Figure 1b. Reduced gravity vacuum test system used for reduced gravity sol-gel synthesis in the QUT 
drop tower test facility.  
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2.4. Test procedures 
 
The operation of the high gravity work in the vacuum centrifuge started with auto-pipetting 2.25 ml of the 
previously developed single solution sol-gel precursor into each of the two reaction chambers, which 
were pre-heated in an oven to 45 
o
C.  The reaction chambers were then attached to each opposing arm of 
the centrifuge via quick release vacuum couplings.  
 
For the high gravity synthesis, the centrifuge was then spun up to the desired gravity level and a vacuum 
applied to the reaction chambers.  As excess alcohol was removed from the solution, the sol-gel reaction 
was initiated, forming a highly viscous gel product.  It would take approximate 45 seconds for this to 
occur in the centrifuge.  The minimum vacuum pressure recorded in this process was approximately 100 
mbar.   
 
For normal gravity testing, the reaction chambers from the centrifuge was used for the synthesis. The 
process was identical as described above except in static mode without the motor running.  The 
accelerometer data showed that the periods of reduced gravity obtained during free fall lasted for 1.8 
seconds.  The reaction chambers were automatically vented to atmospheric pressure prior to the 
experiment being decelerated by an airbag.  The minimum vacuum pressures recorded in the reduced 
gravity testing were also approximately 100 mbar.  Once samples were removed from the reaction 
chambers, they were weighed and dried in an oven at 100
o
C over night before characterization was 
performed.    
 
All cases with the exception of gravity level, the experimental conditions at initiation and process used to 
synthesize the final product through the sol-gel process was identical and re-producible. 
 
2.5. Characterization   
Raman spectroscopy of the various samples was used to investigate the phase morphology of the 
products. Samples were orientated on the stage of an Olympus BHSM microscope, equipped with 10x 
and 50x objectives which form part of a Renishaw 1000 Raman microscope system. The system also 
includes a monochromator, a filter system and a charge coupled device (CCD). Raman spectra were 
excited by a HeNe laser (633 nm) at a resolution better than 4 cm
-1
 in the range between 4000-100 cm
-1
. 
Repeated acquisitions using the highest magnification with at least 16 x 10 second scans were 
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accumulated to improve signal to noise ratio. Spectra were calibrated using the 520.5 cm
-1
 line of a silicon 
wafer. 
XRD analysis was performed on a PANalytical X’Pert PRO® X-ray diffractometer (radius: 240.0 mm). 
Incident X-ray radiation was produced from a line focused PW3373/10 Cu X-ray tube, operating at 45 kV 
and 35 mA. The incident beam passed through a 0.04 rad, Soller slit, a ½° divergence slit, a 15 mm fixed 
mask and a 1° fixed anti scatter slit. After interaction with the sample, the diffracted beam was detected 
by an X’Celerator RTMS detector fitted to a graphite post-diffraction monochrometer. The detector was 
set in scanning mode, with an active length of 2.022 mm. Samples were analyzed utilizing Bragg-
Brentano geometry over a range of 5 – 75 °2θ with a step size of 0.02 °2θ, with each step measured for 
200 seconds. 
Nitrogen adsorption measurements were carried out to investigate the surface area and pore morphology 
of the final products. Depending on the initial porosity and surface area measured, it was then decided as 
to which nitrogen adsorption instrument was most suited to a particular sample (that is, whether or not the 
sample microporous or mesoporous). All samples were initially dried in an oven overnight at 150 
o
C in an 
open vessel and then degassed under nitrogen in tubes at 150 
o
C for at least 6 hrs on a Micrometrics 
Flowprep 060 vacuum degasser. The samples were then analyzed with a Micrometrics Tristar 3000 
automated gas adsorption analyzer. Samples requiring micropore analysis were characterized with a 
Tristar 2020 automate gas adsorption analyzer and were degassed under vacuum in this instrument at    
150 
o
C for approximately 12 hours. 
Transmission Electron Microscopy (TEM) was used as a technique to visually characterize the final solid 
samples produced. Samples were prepared for Transmission Electron Microscopy (TEM) analysis by 
dispersing a small quantity of dried sample (ca. 5 mg) in a suitable volume of methanol (ca. 15 cm
3
, 
Merck) prior to dispersal. The dispersions were homogenized into solution by ultra-sonication. 
Dispersions were sonicated for a period of time (ca. 5 min) using a sonic horn (Branson Ultrasonics, 
Sonifier 250) at mild operating conditions (40 dB). Following sonication, one drop of the homogenized 
solution was placed onto a holey-carbon, copper-mesh grid (300 mesh Cu, ProSciTech). The grids were 
dried using the radiative heating of a 25 W halogen lamp for a period of time (ca. 5 min). The samples 
were analyzed using a JEOL 1010 Transmission Electron Microscope operating at 100 kV. It was found 
that the samples did not exhibit any substantive degradation under the electron beam. 
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3. Results and discussion 
 
3.1. Crystalline phase identification  
A number of authors have successfully used Raman spectroscopy to successfully characterize sol-gel 
reaction products [8-20].  In this study, Raman was used to characterize and investigate the phase 
morphology of the sol-gel products synthesized in the various gravity conditions. The spectra obtained 
from the Raman analysis are presented in Figure 2 in increasing series according to the gravity level at 
which the samples were synthesized. 
 
 
Figure 2. Raman spectra for Titania product as a function of gravity level applied during synthesis 
(RGTS=Reduced Gravity Test System). 
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Figure 2 shows a progression from an amorphous organo-gel to crystalline anatase particularly in samples 
synthesized above 24 g. The increased intensity of the large peak due to the (v6) vibration at 144 cm
-1
 is 
particularly evident as gravity levels increase. A factor group analysis performed by Ohsaka et al. found 
that anatase has 15 optical modes given by its irreducible representation [17]. From the factor group 
analysis, Ohsaka et al. predicted the modes A1g, B1g, Eg are Raman active with corresponding peaks 
occurring in the Raman spectrum at 144, 197, 405, 520 and 640 cm
-1
 respectively.  As gravity levels 
increase, these peaks also become more apparent, but are not as pronounced as the anatase peak at    
144cm
-1
.   
In samples synthesized in gravity levels below 24 g, there are a number of complex peaks in the 500-700 
cm
-1
 region of the spectrum that are not sufficiently resolved by this particular instrument.  It is believed 
that these peaks correspond to both symmetric and asymmetric stretches of Ti—O groups at 560 and 608 
cm
-1
 which were confirmed in a study by Moran et al. [10].  The sharp peak observed at approximately 
950 cm
-1
 is believed to be due to various C—O and Ti—O vibrations between isopropoxy ligands and 
titanium atoms in residual coordinated precursor complexes.  There are also some peaks in the spectra 
around 2900 cm
-1
, which are believed to be due to residual alcohol solvents trapped in the closed pores of 
the gel product.        
X-Ray diffraction (XRD) was used as a complimentary technique to confirm the phase of the sol-gel 
products.  As well as being used for crystalline phase identification, a crystallite size study was also 
undertaken using the Scherer equation to determine if changes in gravity level would have a quantifiable 
effect on resulting crystallite size.  The major crystalline phase identified was indeed anatase and the 
peaks observed in the Raman spectra confirmed this.  XRD was able to show that anatase was also 
present in samples produced from 5 g and above.  XRD patterns of the samples synthesized at normal g 
and reduced G are both for amorphous gels. The XRD patterns for the samples, as a function of gravity 
level, are shown if Figure 3.  
The method used here for determining crystallite size using XRD patterns and the Scherer equation is 
outlined by Dinnebier et al. [21].  The Scherer equation used for these calculations is a follows:  
 



cos
2
L
K
B   
Using LaB6 as an internal standard, PANanalytical X’Pert PRO
©
 was used to calcualte the crystalite size 
with an estimated error of ± 2Å.  A plot of crystallite size vs synthesis gravity level is presented in Figure 
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4 and clearly shows a significant increase in crystalite size (of approximately 1.5x) for samples between 
10 and 70 g. 
 
Figure 3. XRD patterns for titania product as a function of gravity level applied during synthesis. 
 
Figure 4. Crystallite size as a function of gravity level applied during synthesis. 
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Transmission electron microscopy (TEM) was used to investigate if gravity had a noticeable effect on the 
Ti sol-gel samples. Even though a maximum crystallite size of approximately 40Å was calculated using 
the method previously outlined, it was hoped that a physical change could be seen even though this 
crystallite size is at the lower end of the resolution of the TEM available for this study.  
 
Since crystallite size could not be measured by TEM, changes in image contrast were used to visually 
determine if any qualitative effects of gravity could be discerned.  Areas of darkened contrast are due to 
either high electron density (due to the materials volumetric density) or an increase in sample thickness. 
The TEM results are presented in Figure 5a and 5b as a function of the gravity level present during 
synthesis. The samples produced at gravity levels between 0 and 5 g appear to be very diffuse and contain 
amorphous particles which appear to be smaller than 20Å. However, as gravity levels increase above 10 
g, the crystalline domains become more apparent as the image contrast also increases due to a change in 
sample density as particles become larger. This agrees with the previous trends seen by XRD and Raman 
suggesting an increase in particle size and crystallinity caused by synthesis in higher gravity conditions. 
 
 
Figure 5a. TEM images of synthesized titania at reduced gravity, normal gravity and 5 gravities. 
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Figure 5b. TEM images of synthesized titania at 10, 24, 35 and 70 gravities. 
Nitrogen adsorption studies were performed on the titania samples synthesized in the different gravity 
levels.  Adsorption isotherms were typical and found to be Type 1 with some evidence of hysteresis loops 
on the de-sorption cycle observed. The data obtained was analysed to determine the titania product’s 
surface area using both a Langmuir and a BET models.  A summary of the results from the nitrogen 
adsorption work is shown in Table 1. Gravity was found to have a profound effect on the product’s 
surface areas, which were found to increase from 205 – 494 m2/g (Langmuir model) and 157 – 361 m2/g 
(BET model) for samples synthesized in normal to 70 g. As expected, the surface areas predicted by the 
Langmuir description are always greater than the BET description predictions because of the different 
regions of the isotherm the model is calculated on.  As seen by the data presented in Table 1, the 
significant jump in surface area occurs mostly between 1 and 5 g’s were the surface areas increase by a 
factor of about 2.2. It appears that surface area increases are directly linked to increased particle size and 
crystallinity.  Pore morphology for samples synthesized between normal, high gravity conditions were 
found to be mesoporous, and samples synthesized in reduced gravity appeared to be microporous in 
nature.  It is also proposed that the higher surface areas of normal and high gravity samples were due to 
the formation of inter-particle porosity as particle size increased. 
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Table 1. Results from Nitrogen adsorption studies for titania synthesized from the sol-gel process as a 
function of gravity level. 
Sample No. 
Average BET 
Surface area 
(m
2
/g) 
% Relative 
Standard 
Deviation+/- 
Average 
Langmuir 
Surface Area 
(m
2
/g) 
% Relative 
Standard 
Deviation 
+/- 
Ti-0G-1 115 5.60 158 7.05 
Ti-NG-1 157 4.69 205 4.37 
Ti-5G-1 341 1.78 465 1.67 
Ti-10G-1 348 1.73 468 4.07 
Ti-24G-1 349 1.58 480 1.88 
Ti-35G-1 365 4.16 488 1.48 
Ti-70G-1 361 1.15 494 1.35 
 
3.2.   Varied gravity physical reaction mechanism 
The sol-gel chemical precursor used in this study does not undergo reversible hydrolysis reactions as 
some other sol-gel precursors such as silicon precursors can, but rather strongly favors condensation 
reactions subsequently locking in the gel structure.  By studying titanium sol-gel reactions in reduced, 
normal and high gravity, while keeping other reaction variables constant, the effects of free convection on 
the reaction has been discerned and determined to have a marked affect on the characteristic of the final 
product formed. The current work was performed both in regions where natural convection was reduced 
or eliminated (low gravity synthesis) or significantly enhanced (high gravity synthesis) with normal 
gravity conditions used as an experimental control or baseline.  
Since this reaction system involves the production of titanium dioxide particulates during the progress of 
various hydrolysis and condensation reactions, an apparent difference in density develops in the 
surrounding solvent medium. Not only is the relative density of titanium dioxide significantly different 
from the methanol solvent, but also the water in the reaction mixture has a greater density than the 
methanol. Under normal gravity conditions, this density difference between the methanol and the water 
would not be particularly significant, as the two fluids are considered miscible.  At increased gravity 
levels however, this density difference becomes significant and leads to the segregation of the particulates 
present as well as the water and methanol. During solvent evaporation, under these increased gravity 
levels, a distinct methanol/water concentration gradient forms thereby leading to condensation favored 
reactions.   
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Contrary to this situation, in reduced gravity conditions, the creation of this density gradient does not 
occur, its associated convective effects on the mixture does not occur, thus promoting a hydrolysis-
favored regime where particles can only form in place and are prevented from further reaction with 
remaining precursors that are not immediately adjacent to them (or indeed other surrounding particles).  
This mechanism is confirmed by the XRD, Raman and TEM results showing smaller amorphous particles 
form in reduced gravity, whilst larger, higher surface area crystalline particles form in higher gravity 
conditions.  A visual representation of this formation mechanism is presented in Figure 6.   
Another significant industrial finding of this work, is that high surface area, crystalline anatase can be 
easily produced in a short time frame well below the usual 450
o
C required by conventional calcination 
synthesis methods.   
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Figure 6. Qualitative description of effect of gravity level on the synthesis of titania through the sol-gel 
process. 
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4. Conclusions 
Gravity has been found to affect a number of physical properties of the titanium sol-gels produced in this 
study.  Samples synthesized under reduced and normal gravity conditions were found to form amorphous 
gels, which contained small particles less than 20Å in size with reasonable surface areas of approximately 
150m
2
/g.  Sol-gel samples synthesized at 5g up to 70g were found to form crystalline anatase.  Significant 
increases in crystallinity, particle size and surface areas were also observed with surface areas of up to 
494m
2
/g recorded for samples synthesized at 70g.  It is also interesting to note that crystalline anatase 
could be produced at relatively low temperature of 40-50
o
C with increased gravity during synthesis, 
instead of the conventional method of calcination above 450
o
C.  With the variables observed to be 
directly affected by gravity including crystalline phase, particle size, surface area and pore-morphology, 
being able to control and vary these key variables during synthesis will lead to the ability to synthesize 
and tailor novel materials for multiple applications. 
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